The results presented extend previous investigations on the genetics of nitrogen fixation in Azotobacter chroococcum and indicate that nif and$x-like DNA is located in at least five different regions of the genome. Region I contains functional copies of n i p , Vand M , as well as nzfH, D and K, all of which complemented mutants of Klebsiella pneumoniae. In addition, n$Eand/or nzfN-like and nzfLi-like DNA is located in this region. The organization of the nifcluster in region I closely resembles that of K. pneumoniae, though spread over 22 kb as compared with 14 kb. Region I1 contains a functional nzjB gene, which complemented a K. pneumoniae nzfB mutant, and seems to be adjacent to a n$A-like gene. Region I11 harbours nzJH*, encoding a second nitrogenase Fe-protein. Region IV contains a reiteration of nzJE-and/or nzfl-like sequences, and DNA homologous to Rhizobium meliloti$xABC is present in region V. The apparent complexity of nifDNA in A. chroococcum is probably related to the two systems for NZfixation present in this organism.
INTRODUCTION
Members of the genus Azotobacter are heterotrophic, obligately aerobic N,-fixing bacteria. Studies of the genetics of N2 fixation in this genus should contribute to an understanding of their tolerance of air when fixing N2 (see Robson & Postgate, 1980) and their long-recognized ability to use vanadium in place of molybdenum for N2 fixation (Bortels, 1936) .
The genes (nzf) for N2 fixation were defined in the facultative anaerobe Klebsiellapneumoniae, in which 17 genes are specific for N, fixation and are arranged as a contiguous cluster organized into seven or eight transcriptional units (see Dixon, 1984) . Nitrogenase, the two-component enzyme complex which catalyses the reduction of N2, requires three genes : nzm, nifD and nifK encode respectively the Fe-protein (component 2) and the alpha-and beta-subunits of the MoFeprotein (component 1). Both components of nitrogenase require additional gene products for activity. nifM is required to give an active Fe-protein (Howard et al., 1986) . nifE, nzfl and nzfB are required for the synthesis or insertion of the Fe-and Mo-containing cofactor (FeMo-co). The n i p gene product subtly modifies the co-factor, altering the substrate specificity of the resulting t Present address: Department of Microbiology, University of Reading, London Road, Reading RG1 5AQ,
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nitrogenase. The nifQ product is required in media low in molybdenum. An electron-transport chain speeific for nitrogenase is encoded by the nifJ and n i p gene products, which are respectively a pyruvate : flavodoxin oxidoreductase and a flavodoxin. nifA encodes a positive activator (see Dixon, 1984; Gussin et al., 1986) required for transcription of the other nif operons, whilst nifL codes for an anti-activator which, in response to fixed N or to 0 2 , antagonizes the activity of the nifA gene product. The function of the nzfS gene is unknown, though mutations in this gene confer a Nif-phenotype, and the roles of the nzfl, nzfU and nifv genes have yet to be determined.
A basic core of nifgenes are probably common to all diazotrophs (see in Evans et al., 1985) , but different supplementary genes may be present in some of them. TheJixABC genes are required for N2 fixation in Rhizobium meliloti (Ruvkun et al., 1982; Puhler et al., 1984) and, though present ih all rhizobia, they are not homologous to any of the K.pneumoniae nifgenes . Moreover, these genes may not be confined to symbiotic N2 fixers, sinceJixA-like DNA was detected in Azospirillum sp. (Fogher et al., 1985) , and the finding ofJixABC-like DNA in Azotobacter cinelandii led Gubler & Hennecke (1 986) to speculate that these genes are required for aerobic or microaerobic N 2 fixation.
In previous studies of N, fixation in Azotobacter chroococcum MCDl we cloned a region of about 70 kb of the chromosome which contains functional copies of the nifHDK genes, separated by approximately 15 kb from a region homologous to a K. pneumoniae nif probe bearing nifV and parts of nifM and nzfs . At least one other set of functional nitrogenase genes is present in A . chroococcum since a strain deleted for the nifHDK cluster was still capable of fixing N 2 in molybdenum-deficient medium (Robson, 1986) . This is consistent with the presence of nzfH*, coding for a second nitrogenase Fe-protein (Robson et al., 1986a) , and a second nifK-like sequence in the genome of this organism (Robson, 1986) . N, fixation in the deletion strain depends upon vanadium and is catalysed by a two-component nitrogenase complex with a typical Fe-protein (component 2) but in which the conventional molybdoprotein (component 1) is replaced by a vanadoprotein. Hence A . chroococcum is capable of synthesizing genetically distinct V-or Mo-nitrogenases (Robson et al., 19866) .
In this work we have extended our investigations on nifgenes and their organization in A . chroococcum by hybridization with heterologous probes, genetic complementation and DNA sequencing. The results, together with those of our previous studies, suggest that nif-and$-x-like DNA is dispersed in at least five regions of the chromosome.
METHODS
Growth and maintenance ofstrains. Bacteria used in this study are listed in Table 1 . E. colior K . pneumoniae strains weke grown aerobically at 37 "C on Luria-Bertoni medium (LB) or anaerobically at 30 "C on nitrogen-free defined medium NFDM (Cannon et al., 1974) with appropriate growth factors added where required. Antibiotics were used at the following concentrations (pg ml-I) : kanamycin, 25 ; carbenicillin, 50; tetracycline, 10; streptomycin, 50; chloramphenicol, 50. A . chroococcum strains were grown under air at 30 "C on RM medium with antibiotics added when required at the following concentrations (pg ml-I) : streptomycin, 20; nalidixic acid, 20; kanamycin, 0-25. For solidified medium, agar was added at 1.5% (w/v). E . coli and K . pneumoniae strains were preserved at -20 "C after suspension in 50% (v/v) glycerol; A. chroococcum was maintained on RM agar slopes at 20 "C. Plasmids and vectors used in this study are also listed in Table 1 .
Isolation of genomic andplasmid DNA. Genomic DNA was prepared as described by Robson et al. (1984) , and plasmids by the method of Birnboim & Doly (1979), which was scaled up for large amounts.
Electrophoresis. Plasmid or DNA fragments were electrophoresed in agarose gels (0.8%, w/v; Sigma, type 11) in TAE buffer (Maniatis e f al., 1982) . DNA fragments were recovered from low-melting-point agarose (BRL) by a 'freeze-squeeze' method (Thuring et al., 1975) .
Hybridizations. DNA was transferred by electrophoresis from agarose gel to Genescreen (New England Nuclear) as described in the product handbook. Radioactive DNA probes were prepared by nick-translation (Rigby er al., 1977) using a commercial kit (BRL) with deoxycytidine 5'-[a-32P]triphosphate (3000 Ci mmol-I, 1 1 1 TBq mmol-I ; Amersham). DNA was labelled to approx. 2 x lo8 d.p.m. pg-I. Hybridizations were carried out for 16 h at 42 "C, usually in 50% (v/v) formamide (high stringency) in Denhardt's solution (Denhardt, 1966) containing 10% (w/v) dextran sulphate (M, 500000; Pharmacia) (Wahl et al., 1979) with 0.1% sodium pyrophosphate, 0.1 % sodium dodecyl sulphate and 100 pg calf thymus DNA ml-I. Stringency of hybridization was adjusted by varying the formamide concentration. Blots were washed free of unbound radioactivity first with , 1983) . Preparation of templates is described elsewhere (Robson et al., 1986~) . DNA sequences were analysed using the University of Wisconsin Genetics Computer Group BESTFIT program run at the suggested default settings. Figs 5 and 6 were produced using the program PUBLISH.
Transformations and conjugations. DNA was transformed into E. coli and K. pneumoniae strains by the method of Kushner (1978) except that K. pneumoniae was 'freeze-thawed' three times after addition of the DNA and no 'heat shock' was used (J. Gibbins, M. Merrick and J. Postgate, unpublished data). The Mob+ cosmid pLCll was introduced into K. pneumoniae strains in tripartite crosses with the helper plasmid pRK2013. Complementation studies. Genetic complementation of K. pneumoniae Nif-mutants by cloned A . chroococcum DNA was tested in two ways. For growth on N2, strains were patched onto NFDM agar plates containing antibiotics appropriate for the clones examined. Plates were incubated under anaerobic conditions at 30 "C and growth was assessed after 4 d. Complementation was considered successful when growth was comparable to that of UNF50231, a Nif+ strain of K. pneumoniae. Complementation was also determined by measuring acetylenereducing activity of strains in liquid culture by the method described in Dixon et al. (1977) . In mutants for which positive results were obtained by the growth test, acetylene-reducing activities reached rates of the same order as those typical for UNF50231, whereas in strains not complemented for growth on Nz, the activities were not significantly changed.
R E S U L T S
Localization of nif-andJix-like DNA in A . chroococcum DNA fragments containing nifgenes from K. pneumoniae andJix genes from R. legurninosarum and R. meliZoti ( Fig. 3 ), which contain DNA surrounding the nEfHDK cluster from A . chroococcum . Hybridization was observed under stringent conditions to cosmids pACB 1 and pACD37, but not to pACD30, with the K.pneurnoniae nif'EN' probe (probe 2, Fig. 2a) , and to pACB1, but not to pACD30, with a K . pneurnoniae nf'UX' probe (probe 3, Fig. 2b ). We also located more precisely the region homologous to the K . pneumoniae nif'SVM' probe (probe 4, Fig. 2c ) that we reported previously K. pneumoniae nif DNA pMC 16 pWK26
sc ta-Z Fig. 1 . DNA hybridization probes. Probes are defined by number. DNA was prepared by digesting the appropriate plasmid with the restriction enzymes shown and the fragment purified by electrophoresis on an agarose gel from which the DNA was recovered. Fragments used are shown by the solid lines above the position of the various genes. Probe 7 was the HindIII-SmaI fragment and probe 8 was the adjacent SmaI-SmaI fragment. Information about the position of genes with respect to restriction sites was taken from published data or provided by personal communication (see Table 1 ). See also Fig. 3 . (Jones et al., 1984) . The positions of the homologous DNA are shown relative to a map of the three cosmids in Fig. 3 . We did not detect homology to these cosmids or to genomic DNA digests with K. pneumoniae DNA containing nif'J' (probe l), nf'M' (probe S), nif'QB' (probe 7), or nif'BAL' (probe 8). Weak homology was observed to all three cosmids over a wide region (Fig. 3 ) with K. pneumoniae n$'F (probe 6 ) at 40% (w/v) formamide (data not shown).
Hybridizations to R. leguminosarum f i x 2 (nzfB) DNA (probe 10) revealed homologous sequences in A . chroococcum genomic DNA (Fig. 2 4 , though not in the cosmids. A probe containing the R. melilotifixABC genes (probe 9) hybridized well to A. chroococcum genomic DNA (Fig. 2e) . Again the homologous sequence was not located on the cosmids. In view of the dual N,-fixation systems in A. chroococcum we tested for reiteration of nifDNA other than that coding for nitrogenase polypeptides. A . chroococcum DNA fragments were used to prepare probes since, as in the case of nifK Robson, 1986) , reiteration may not be detectable with the K . pneumoniae DNA. The A . chroococcum nifEN-like sequence (probe 11, Fig. 3 ) not only detected the fragments expected in the genome (6.3 kb KpnI, 10-7 kb SmaI, 5.4 kb SalI, 10 kb and 3 kb EcoRI ( Fig. 2A Fig. 3 ) but also revealed a second homologous region, even at high stringency (Fig. Zf) , located on 4 kb SmaI, 3.3 kb SalI and 6 kb EcoRI fragments.
The sizes of the latter fragments preclude the nifEN-like reiteration from lying within the region cloned in the cosmids pACB1, pACD37 and pACD30. However, reiteration was not apparent when DNA from the region homologous to the K . pneumoniae nif'SVM DNA (probe 12, Fig. 3 ) was used (data not shown).
Cloning of the 3 x 2 (nifB)-like gene from A . chroococcum A 4.0 kb EcoRI fragment from A. chroococcum which hybridized to theJix2 gene (probe 10, see Fig. 2d ) was cloned as follows. EcoRI-restricted genomic DNA fragments of between 3 and 5 kb were cloned into pEMBL9 + , and recombinant plasmids containing DNA homologous to 3 x 2 were identified by colony screening. Two types of plasmids containing identical 4.0 kb EcoRI inserts cloned in either orientation were obtained. A restriction map of the insert in one of the plasmids (pEF3a) is shown in Fig. 4 . The location and orientation of thefix2 (nzfB)-like gene was determined by limited DNA sequencing from defined restriction sites in the region containing the homologous sequence (Fig. S) , as predicted from genomic hybridization results.
The nzfB-like sequence was identified by computer alignment (Fig. 5 ) against the published R. meliloti nzj23 sequence (Buikema et al., 1987) .
Computer analysis of the sequence at one end of pEF3a identified good homology to the Cterminal of the K . pneumoniae nifA gene. Alignment of the DNA, and predicted amino acid sequences for the region present in pEF3, are shown in Fig. 6 . This implies that nzfB and the adjacent nfA-like genes are transcribed in the same direction (Fig. 4) .
Expression of presumptive A. chroococcum nifS, V, M and B genes in K . pneumoniae Complementation of defined K. pneumoniae nifmutants was performed to determine whether the A. chroococcum nif-like DNA encodes functional genes. The cosmid pLCl1 contains a 21 kb
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Rm nrfB ATGTCCACACCCATGATTTTGCGTGAGAGCCGGACCAGCAC~ACATTCTCT~ACCAGTTGC~GGAGMCGCTAMT~G~C~CTCA Fig. 4 ) with the first 861 bp of R. mefifoti n i p coding sequence (Buikema et af., 1987) . The sequences were aligned with the University of Wisconsin Genetics Computer Group program BESTFIT run at the suggested default settings. Numbering of the R. mefiloti sequence is taken from Buikema et af. (1987) ; the n i p coding sequence starts at 199 bp.
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insert of A . chroococcum DNA and complements a postulated A . vineiandii nifM mutant (Kennedy et a/., 1986) . The insert lies within the region cloned in pACBl -spanning the nifUlike and nifSVM-like regions -but does not contain the entire nifEN-like region (Fig. 3) . pLCl1 complemented nifU (UNF2161), nzfs (UNF2142, UNF866), nifv (UNF812) and nifM (UNF828) mutants for growth on N z and restored wild-type levels of acetylene-reducing activity, but did not complement nifJ (UNF1145), nifE (UNF864), nifF (UNF1146), n f A (UNF745) or nifB (UNF50581) mutants. The A . chroococcum nifS, I/ and M genes were more precisely located using subcloned fragments of pACB1. K. pneumoniae nifM (UNF2050, UNF828) and nifV (UNF812) mutants were complemented for growth on N2 by the plasmid pSAR2a (Table 1, Fig. 3) , containing the 5.1 kb KpnI fragment carrying part of the nifSVM-like DNA under the control of the promoter for chloramphenicol acetyltransferase (C.4T) in the EcoRI site of pBR325. The plasmid pSAR3a (Table 1 , Fig. 3 ), containing the 3-6 kb EcoRI-PstI fragment from the nif'SVM'-like region (Fig. 3) , cloned under CAT promoter control complemented K. pneumoniae nifs (UNF2142, UNF866) and n i p (UNF812) mutants well for growth on N2. Plasmids containing the same inserts cloned in the opposite orientation with respect to the CAT promoter (pSAR2b, pSAR3b) did not complement K. pneumoniae nifS, Vor Mmutants for growth on N2. N2 fixation in UNF50231 (Nif+ control) was not prevented by pSAR2a/b, pSAR3a/b or pBR325. These results indicate that the A . chroococcum n$S, V and M genes are closely grouped, and are organized and transcribed in the order nifS, n i p , nifM.
T G V D N E S P P L A A P L P -E V N L A D E N L D D R E R ACCGGAGTCGACAACGAGAGCCCGCCACTCGCCGCCCCGCTGCCC
GAGGTCAACCTGGCCGACGAGAACCTCGACGACCGCGAACGG
The EcoRI fragment from pEF3a containing the nzjB gene from A . chroococcum was likewise cloned into the EcoRI site of pBR325. The resultant plasmids pRR2 and 3, containing the insert in the two possible orientations, both complemented a K. pneumoniae niJB mutant (UNF50581) for growth with N 2 equally well. This implies that the A . chroococcum nzJB gene is expressed from its own promoter in K. pneumoniae, which presumably is situated between the putative n$A gene and nip.
The good complementation of nzfU, S, V , M and B mutants of K . pneumoniae by A . chroococcum DNA demonstrates a high degree of functional homology of these genes in the two organisms. This is in contrast to the nitrogenase structural genes of A . chroococcum, which complemented Nif-mutants of K . pneumoniae for acetylene reduction, but not for growth on N2 .
D . E V A N S A N D O T H E R S DISCUSSION
All eight genes known to code for the Mo-nitrogenase polypeptides and products required for their processing in K. pneumoniae appear to be present in A . chroococcum. (Brigle et al., 1987) . Based on our complementation results nifs is also present in A . chroococcum, and both our complementation and hybridization data suggest that nrjU (whose function in K. pneumoniae is unknown) may also be conserved. A region showing weak homology to K . pneumoniae nifF was located, although as hybridization covered a wide region other corroborative evidence is needed to confirm that a nip-like gene maps in this position.
As previously postulated (Kennedy & Robson, 1983; Jones et al., 1984) A . chroococcum seems to contain a nifA-like gene, which is apparently located adjacent to nifB. A nifJ-like gene was not detectable by heterologous hybridization. This may not be surprising since a Nif-related polypeptide of equivalent size to the nifJ product of K. pneumoniae seems to be absent in A . chroococcum (Robson, 1979) . However, in A . vinelandii there is evidence that electrons for nitrogenase may be derived from NADPH since an NADPH-dehydrogenase activity is induced upon N-starvation, which coincides with the appearance of two membrane-bound polypeptides, one apparently associated with the NADPH dehydrogenase complex (Klugkist et al., 1986) . The genetic determinants of this system have not yet been described, though Gubler & Hennecke (1986) and Earl et al. (1987) have suggested that one or more of thejxABC gene products may be involved in electron transport. Our data indicate that one or more of theJixABC genes may be present in A . chroococcum.
nif' orjx-like DNA is dispersed in five regions of the chromosome of A . chroococcum. The organization of nif DNA in one region (region I) of the chromosome of A . chroococcum is strikingly similar to that of the K . pneumoniae nifcluster between and including nrjH and nifM. Region I contains genes for at least the synthesis and maturation of a functional Mo-nitrogenase, as suggested by our complementation studies in K. pneumoniae, which as far as is known cannot synthesize a vanadium nitrogenase. Although the order of nifgenes or nif-like sequences is similar, the genes are spread over 22 kb in A . chroococcum compared to 14 kb in K . pneumoniae. By comparison to the K . pneumoniae nifcluster it appears that an additional 6 kb sequence separates the nzflEIN-like and nzfCI-like regions in the A . chroococcum nifcluster. At present we cannot say whether this region harbours genes required for N2 fixation in A . chroococcum.
Other nif-andJix-like DNA is relatively dispersed in the genome of A . chroococcum. We define the other regions as follows. Region I1 contains the nrfB gene, probably closely linked to nifA ; region 111 contains n z m * and its adjacent ferredoxin gene; region IV and region V contain the second nifEN-like sequence and the fixABC-like sequence respectively. At present, we cannot deduce linkage between these five regions. The relationship at the genetic level between the Mo-and V-based Nz fixation systems is particularly interesting. Considering the broad similarities in the two sets of nitrogenase proteins (Robson et al., 1986a; Robson, 1986) it is probable that the two systems have arisen from one or more gene duplication events. Not all genes may be duplicated; some may be common to both systems, others unique to each system. There was no clear evidence, in our experiments using the R . leguminosarum $xZ probe, for multiple nip-like sequences. 'Backhybridization' with a fragment from the nifSV complementing region suggests that similar sequences are also not reiterated in the genome of A . chroococcum. In A . uinelandii nifM appears common to both conventional and alternative systems and if the alternative system in this organism is analogous to that of A . chroococcum then presumably this gene processes both Fe-proteins. By contrast, nrfl appears not to be required for N2 fixation under Mo-deficient conditions in A . vinelandii ). This might not be unexpected since this gene is involved in FeMo-co synthesis or insertion into the MoFe-protein (Roberts et al., 1978) . However, our hybridization results may mean that the second nifEN-like
